vide a valuable animal model to determine the role of the NRG3 in the molecular pathogenesis of schizophrenia and other psychotic disorders.
Introduction
Schizophrenia is a severe and debilitating mental disorder with poorly understood neurodevelopmental etiology [1] [2] [3] . Many genetic loci associated with schizophrenia only impart a small genetic risk [4] . Genetic studies in schizophrenia demonstrate that risk variants in Neuregulin 3 (NRG3) are associated with cognitive and psychotic symptom severity, accompanied by increased expression of prefrontal cortical NRG3 [5] [6] [7] . Our studies found a linkage signal in chromosome 10q22, containing NRG3, in an Ashkenazi Jewish population, and a Han Chinese population that showed association with schizophrenia [8, 2] . A follow-up association study across the linkage peak identified a strong association of several intronic single nucleotide polymorphisms (SNPs) in NRG3 with the 'Delusion' factor as a measure of various delusions exhibited by patients [9, 10] . Similar results linking NRG3 and various types of delusions were obtained in other populations [7, 11] , suggesting that genetic variants of NRG3 could contribute to the risk of schizophrenia.
NRG3 is one of three paralogs of Neuregulin 1 (NRG1), which is a schizophrenia susceptibility gene [12, 13] . The NRG3 protein is a single-pass membrane protein with an extracellular N-terminal EGF-like domain that is cleaved to bind ErbB4 receptors [14] [15] [16] , another schizophrenia susceptibility gene [17] [18] [19] . NRG3 and NRG1 are chemorepellant signals that guide GABAergic interneuron progenitors from their origin in the medial ganglionic eminence (MGE) through tangential migration to their final location in the developing cerebral cortex [20] [21] [22] . However, the long-term neurobehavioral effects of abolishing or diminishing levels of NRG3 in the brain have not been tested. In order to address this question, we generated a mouse model with a deletion of the Nrg3 gene and tested for neurobehavioral phenotypes [22] . We found that Nrg3 knockout (KO) mice displayed noveltyinduced hyperactivity, impaired prepulse inhibition (PPI) of the acoustic startle response, and deficient fear conditioning. No gross cytoarchitectonic or layering abnormalities were noted in the brain of KO mice. Our findings suggest that deletion of the Nrg3 gene leads to neurobehavioral alterations consistent with aspects of schizophrenia. We propose that Nrg3 KO mice provide a valuable animal model to determine the role of this gene in the molecular pathogenesis of schizophrenia and other psychotic disorders.
Materials and Methods

Generation of Nrg3
-/-KO Mice To generate the Nrg3 -/-KO mouse model, we used homologous recombination to knock in a construct that contained a loxPflanked exon 2 with an inserted frt-flanked neomycin cassette for selection ( fig. 1 a) . The Johns Hopkins Transgenic Core Facility generated chimeric mice. We confirmed recombination efficiency using Southern blot and bred to CAG-cre transgenic mice with the Cre gene under control of the CMV immediate early enhancerchicken β-actin hybrid (CAG) promoter [23] .
The animals were housed in an animal facility with food and water ad libitum. The Johns Hopkins University Animal Care and Use Committee approved all rodent work. The KO mice used in this study were then backcrossed with C57/BL6 mice for 4 generations. We used a heterozygous breeding scheme and utilized littermates for neurobehavioral testing.
Northern Blot
To confirm loss of Nrg3 , Northern blots were prepared with 2 μg poly-A RNA extracted from murine brains at embryonic day (E) 14, E16, E18, postnatal day (P) 1 and P3, as described previously [24, 25] .
Behavioral Studies
We performed a series of behavioral tests using male mice at 3-6 months of age. Different cohorts of wild-type (WT) and homozygous KO mice were used for no more than 2-3 behavioral tests to avoid confounding effects of overtesting. We performed the following behavioral tests: novelty-induced hyperactivity (co- The behavioral protocols used were previously described [26] [27] [28] . For hot plate tests [29] , mice were placed on a Columbus Instruments (Columbus, Ohio, USA) hot plate analgesia meter set at 55 ° C and the time to paw-lick response was recorded in seconds. The time interval between each behavioral test was at least 1 week. The numbers of animals used in each test are indicated in the figure legends.
Histopathology
A separate group of control and KO mice was sacrificed at 6 weeks of age to evaluate potential gross brain abnormalities. Mice were perfused with ice-cold phosphate-buffered saline followed by 4% paraformaldehyde; the brains were removed, cryoprotected in 30% sucrose, and frozen at -80 ° C. 40-μm sections were prepared and stained with Nissl for histopathological evaluation.
Statistics
The data from behavioral tests were analyzed using ANOVA with the genotype or time as the independent variables. p < 0.05 was chosen as the level of significance.
Results
Generation of the Nrg3 KO Model
Efficiency of the Nrg3 KO was tested by Northern blot comparing Nrg3 -/-, Nrg3 +/-, and Nrg3 +/+ littermates. The KO animals showed greatly reduced levels of Nrg3 mRNA at E14, E16, E18, P1, and P3 ( fig. 1 b) . Nrg1 and ErbB4 mRNA were similar across all genotypes (data not shown). No group differences were noted in viability, gross body morphology, or breeding capabilities.
Behavioral Phenotyping
We performed a series of tests to evaluate behavioral phenotypes resulting from deletion of the Nrg3 gene.
Novelty-Induced Locomotor Activity Novelty-induced activity in an open field is a test that evaluates several, often conflicting, behavioral responses to an unfamiliar environment including reactivity to novelty, exploratory activity, anxiety, and general locomotion [30] . 
Elevated Plus Maze
In order to further assess the anxiolytic phenotype in KO mice, we tested their behaviors in the elevated plus maze, a classical test for anxiety [30] . In this test, mice that are more anxious prefer the closed arms, whereas less anxious mice tend to explore the open arms. No significant group-related differences in the time spent in the open arms or stretches (a risk-assessment behavior) were found (online suppl. fig. S2 ), suggesting that decreased anxiety might not explain enhanced activity in KO mice.
PPI of the Acoustic Startle
In addition to hyperactivity, positive symptoms of psychoses are modeled using PPI of the acoustic startle response, a test for sensorimotor gating impaired in patients with schizophrenia and other neuropsychiatric disorders [31] [32] [33] . Male KO mice exhibited diminished PPI at all prepulse intensities ( fig. 3 ). Two-way repeated measures ANOVA detected a significant effect of genotype [F(1,169) = 5.5, p = 0.02] and prepulse intensity [F(4,169) = 21.51, p < 0.001] but no interaction between these factors, suggesting that KO mice had an overall decrease in PPI. This impairment is unlikely related to altered startle responsiveness because we found no groupdependent differences in startle magnitude (online suppl. fig. S3 ).
MK-801-Induced Hyperactivity
Patients with schizophrenia display exaggerated responses to psychostimulants [34] . Acute treatments with stimulants are widely used to mimic aspects of positive symptoms in different rodent models [31, 32] . Thus, we sought to evaluate behavioral responses to MK-801, an NMDA receptor antagonist, to assess glutamate synaptic transmission in WT and KO mice. Consistent with the open field test results, KO mice displayed greater activity in the habituation phase of the test and continued to be more active following MK-801 administration (online suppl. fig. S4 ). Two-way repeated measures ANOVA de- ing and memory test in which mice learn to associate a context (e.g., an experimental chamber) or a cue (e.g., a sound) with foot shock and is affected in patients with psychoses [36, 37] . The test assesses context-dependent and cue-dependent memories that are reliant on distinct brain circuitries [38] [39] [40] . On day 1 (training), KO males showed decreased freezing behavior compared to control littermates ( fig. 4 a) . Post hoc test revealed significantly more freezing behavior in WT mice at time interval 5 (the end of the cue's presentation) compared to time interval 3 (the onset of the cue's presentation) (p < 0.05). In addition, there was significantly more freezing in WT mice compared to KO over the entire period of the cue's presentation (p < 0.05), suggesting attenuated associative conditioning in KO mice. As KO mice displayed decreased freezing behavior during training, we sought to evaluate possible alterations in pain sensitivity. We used a hot plate test and found no differences between genotypes in latency to first paw lick (online suppl. fig. S5 ), suggesting that the observed genotype-related difference in cue-dependent fear conditioning was not due to changes in pain threshold.
Histopathological Evaluation
Nissl staining did not reveal any gross abnormalities in the brain cytoarchitecture or anomalies in layering of the cortex, hippocampus or cerebellum ( fig. 5 ).
Discussion
NRG3 is an ErbB4 ligand associated with the increased risk for neuropsychiatric disorders, including schizophrenia [5] [6] [7] 10] . However, the role of NRG3 in the neurobiological mechanisms of abnormal behaviors consistent with major psychiatric disorders remains poorly understood. The present study describes the neurobehavioral abnormalities in mice with deletion of the Nrg3 gene. We found that Nrg3 KO mice demonstrated behavioral phenotypes consistent with aspects of schizophrenia and related psychotic disorders, including increased novelty-induced activity, abnormal sensorimotor gating, and attenuated fear conditioning.
Locomotor hyperactivity and hyperreactivity in rodents are behavioral analogs of aspects of positive symptoms observed in patients with schizophrenia [31, 32] . Our findings are consistent with numerous reports on novelty-induced hyperactivity in genetic mouse models of the NRG pathway. For example, Gerlai et al. [41] reported 'a consistent hyperactivity across tests' in a heterozygous mutant Nrg1 mice. Nrg1 hypomorph mice also exhibit hyperactivity in open field and Y-maze [13] . ErbB4 conditional KO mice with selective deletion of ErbB4 in neurons and glia or parvalbumin+ (PV) neurons had a hyperactive phenotype [42, 43] . Similar behavioral alterations were found in Bace1 KO mice with deletion of BACE1, the enzyme that cleavages full-length NRG3 to release of the extracellular EGF domain [44] . Interestingly, although no group differences were observed in the elevated plus maze, KO mice tended to demonstrate less anxiety-like behavior in this test (online suppl. fig. S2 ). This phenotype appears opposite to that exhibited by mice exposed to exogenous NRG3 during early neonatal development as the latter treatment led to life-long anxiety and impaired social development [6] . Thus, one can suggest that hyperactivity in our Nrg3 KO model is a behavioral feature consistent with aspects of schizophrenia also observed in multiple genetic models targeting NRG signaling.
We found that Nrg3 KO mice showed decreased PPI compared to control littermates suggesting abnormal sensorimotor gating. Deficient attention and sensory information processing can be assessed by PPI of the acoustic startle, another behavioral alteration in genetic mouse models relevant to schizophrenia and other psychotic disorders [32] . As with locomotor hyperactivity, this phenotype has been reported for mice deficient in other genes of the NRG/ErbB4 pathway. Specifically, Bace1 KO mice [44] , male mice with deletion of both the ErbB2 and ErbB4 genes in the brain [45] , mice with conditional deletion of the ErbB4 gene in PV [43] , and Nrg1 hypomorphs all exhibited deficient PPI [13] . Although impaired sensorimotor gating is not a specific sign of psychotic conditions and is observed in other neuropsychiatric disorders [33] , this behavioral test has strong face and construct validity and is widely used for testing new pharmacological treatments [31, 33] , suggesting the potential value of our genetic mouse model for future search of new therapeutic compounds.
Cognitive impairment is an important feature and serious problem in patients with schizophrenia. While cognition encompasses many mental processes, seven do- [47] , while Nrg1 KO mice that lack the transmembrane domain had no cognitive abnormalities or anxiety [48] . Surprisingly, overexpression of NRG1 also attenuated context-dependent fear conditioning [49] and hippocampus-dependent spatial working memory in old transgenic mice [50] . Similarly, conditional deletion of the ERB4 receptor in PV neurons impaired contextual and working memory [43, 51] . As the underlying mechanisms of cognitive impairment in patients with schizophrenia are not completely understood, the development of better therapies is impeded. Relevant genetic mouse models could help identify new targets for pharmacological interventions. Our initial histopatholoigcal evaluation did not reveal any gross abnormalities in the brain of KO mice, including the overall cytoarchitecture and cortical layer formation. The results are congruent with multiple postmortem and imaging data that consistently show no major brain pathology in patients with psychoses [52] [53] [54] . Still, future studies should attempt to identify more subtle neuronal deficiencies likely present in Nrg3 KO mice as it has been demonstrated in various Nrg1 and Erb4 genetic murine models [55, 56] . Another limitation of the present study is using male mice only. Future experiments will evaluate the brain and behavioral effects of deletion in female mice as well.
The future studies will also address the underlying mechanisms of the behavioral alterations produced by deletion of the Nrg3 gene. The plethora of experimental evidence suggests the role of NRG1 /ErbB signaling in neuron and glial cell proliferation and differentiation, neurotransmitter function, and synaptic plasticity [19] . It is tempting to speculate that perturbations in these signaling pathways and those involving other interacting partners and genetic risk factors (e.g., DISC1) [57] likely influence the phenotypes in Nrg3 KO mice.
In conclusion, the present study describes a novel mouse model of the Nrg3 genetic deficiency relevant to aspects of schizophrenia. Future research will utilize this model to elucidate the molecular pathogenesis and underlying pathophysiology of the observed behavioral abnormalities that are relevant to psychotic conditions. In addition, our novel mouse model may help identify new targets of the NRG3/ErbB4 pathway to be useful for treatment of psychotic symptoms in patients.
